In recent years, interest has been growing in a new class of very small flight vehicles called micro air vehicles (MAVs). Hover capability is highly desirable with respect to the mission requirements of these vehicles. Due to the small size of MAVs and the low Reynolds number regime in which they operate, scaling down conventional rotorcraft configurations to the MAV scale may not yield optimum performance. Unconventional vehicle configurations can be explored to realize high endurance hover capable MAVs. This paper investigates the hover performance of a small-scale cycloidal rotor to determine its viability for use in a micro air vehicle. A 6 inch diameter prototype rotor was constructed and tested to determine the effects of number of blades, blade pitch angle, and rotational speed on thrust output and power requirements. Pressure distribution was measured to obtain insight into the downwash and flow through the rotor. An analytical model, using a combination of vertical axis wind turbine theory and an indicial solution for the aerodynamic response was developed to predict rotor performance, and was validated with the experiments. The performance of the cycloidal rotor was compared to that of a conventional rotor of the same diameter in terms of power loading. Based on the analytical model and the experimental results, a conceptual design of an MAV utilizing cycloidal propulsion was developed. The conceptual cyclo-MAV utilizes two cycloidal rotors, providing thrust, propulsion, and control. Complete vehicle weight is envisaged to be 240 g, with two three-bladed rotors of six inches diameter.
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Introduction
Recent interest in micro air vehicles (MAVs) has developed, in part, due to the changing needs of the military as the battlegrounds of the JOURNAL OF THE AMERICAN HELICOPTER SOCIETY future move to restricted, highly populated urban environments where conventional aircraft lose much of their utility. Hover capability is highly desirable in these environments for missions such as surveillance. Several hovering MAVs based on scaled down single main rotor and coaxial helicopter configurations have been successfully built and flight tested (Refs. 1, 2). These MAV scale rotors typically operate in the Reynolds number range from 10,000 to 100,000. Consequently, they experience much higher viscous drag than conventional helicopter rotors. As a result, MAV scale rotors suffer from an inherent limitation in aerodynamic efficiency, which translates into poor endurance (Ref. 3) . By careful design of rotor blade geometric parameters such as solidity, twist, taper, camber, and tip shape (Refs. 2, 4) the maximum figure of merit achieved to date for a rotor of diameter 9 inches is around 0.64, and for a rotor of diameter 6 inches is around 0.55 (Ref. 5) , at a tip Reynolds number of 40,000. In comparision, a conventional helicopter rotor with a figure of merit of 0.64 is considered poor in terms of aerodynamic efficiency. In fact, most of the modern helicopter rotors have a figure of merit of about 0.75-0.8 (Ref. 6 ).
An MAV based on a cycloidal rotor is proposed as an alternative to helicopter based MAVs. The concept of cycloidal propulsion is quite old, but it has remained relatively obscure until recently. Kirsten (Ref. 7) investigated cycloidal propulsion at the University of Washington in the 1920s. He constructed a large cycloidal propeller and investigated its use in air vehicles. However, he subsequently began to explore applications of the cycloidal rotor in marine systems, and today, these are used extensively in tug boats, to provide them with the maneuverability necessary to operate in confined harbors. In the 1930s, Wheatley (Refs. 8, 9) developed a simplified aerodynamic theory of a cyclogiro rotating wing and conducted wind tunnel tests on a large four-bladed prototype rotor with diameter and span of 8 feet. The blades incorporated a NACA 0012 airfoil profile and had a chord of 0.312 ft. Significant thrust levels were measured but poor agreement between theory and experiment was achieved mainly due to incomplete knowledge of forces on oscillating airfoils. Cycloidal rotors have also been proposed for use on airships (Refs. 10, 11) as they can result in significantly increased maneuverability.
More recently, Gibbens et al. (Ref. 12) proposed a UAV configuration with a gross weight of 600 lb, having two cycloidal rotors to produce lift and propulsion. A full scale experimental setup was constructed to measure the thrust produced and power consumed by a single cycloidal rotor. The rotor had a span of 4 ft, a diameter of 4 ft and six blades of chord 1 ft with a NACA 0012 airfoil. A maximum power loading of 10.88 lb/HP was recorded, and the rotor operated at a maximum Reynolds number of around 730,000. A significant lack of noise was observed during operation. McNabb (Ref. 13 ) developed a computer model for this cycloidal rotor and compared the predictions with experimental results. Kim et al. (Ref. 14) experimentally investigated the performance of a cycloidal rotor with a span of 0.8 m. The blades used a NACA 0012 airfoil, with a chord of 0.15 m. Rotor thrust and torque were measured, and the effect of blade pitch angle, rotor radius, and number of blades were studied up to a rotational speed of 600 rpm, corresponding to a Reynolds number of around 260,000. It was observed that thrust was proportional to the square of rotational speed, and power was proportional to the cube of rotational speed. A maximum power loading of around 12 kgf/HP was observed at low thrust levels, which asymptotes to around 5 kgf/HP at high thrust. An analysis was also conducted using commercial CFD software to predict rotor characteristics. Vertical axis windmills (VAWTs) experience a motion similar to cycloidal rotors although they generally possess fixed pitch blades. A large body of work has been conducted in developing aerodynamic performance prediction methods for these windmills (Refs. [17] [18] [19] . In addition, a small percentage of VAWT designs incorporate variable blade pitch similar to the cycloidal blade system.
The cycloidal blade system may be considered as a horizontal rotary wing, with its blade span parallel to a horizontal axis of rotation. As the blades rotate around the azimuth, their pitch angle is varied periodically. Each spanwise blade element operates at about the same conditionsvelocity, Reynolds number, angle of attack, centrifugal force-and thus can be designed to operate at its optimum efficiency. Due to the highly unsteady flow field and the constant angle of attack over the entire span of the blade, a cycloidal rotor may exhibit better performance than a conventional rotor at the MAV scale. Figure 1 shows the approximate power loading of several production helicopters as well as a few experimental cycloidal rotors. It can be seen that in general, cycloidal rotors exhibit a higher power loading than conventional helicopters. This improved power loading is very attractive for exploring cycloidal propulsion on the MAV scale. In addition, a cycloidal rotor has the ability to change the direction of thrust almost instantly, resulting in good maneuverability at low freestream velocities, which is highly desirable for MAV operation in confined areas.
Although existing literature seems to show that the cycloidal rotor is superior to a conventional rotor in terms of power loading, it is unclear how they compare with respect to a constant linear dimension. This information is critical to the choice of a configuration for an MAV. In addition, other metrics such as hover figure of merit must be investigated, with which a meaningful comparison can be made. The studies described above involved testing of large-scale models, at relatively high Reynolds numbers. It remains uncertain how the design would translate to an MAV-scale vehicle, operating at a maximum Reynolds number of less than 20,000. None of the previous studies had a comprehensive analysis that matched well with their experimental results and could be used as a preliminary design tool. The present research aims to address some of these issues.
The primary objective of the present research was to determine whether a cycloidal rotor configuration is a viable means of propulsion for an MAV. A secondary objective was to develop a simple analytical tool for predicting the performance of a cycloidal rotor and to validate the analysis with experiments. These objectives are carried out by characterizing the performance of a small-scale cycloidal rotor of diameter and span of 6 inches. Performance of the rotor was studied by determining thrust and torque of the rotor as a function of number of blades, blade pitch angle and rotational speed. A theoretical model was developed incorporating unsteady aerodynamic effects, and was validated with experiments. An investigation of the flow field around the model rotor was conducted by measuring the pressure distribution below the rotor and across its cross-section. The efficiency of the cycloidal rotor was compared with that of a conventional rotor of the same diameter, both in terms of power loading and figure of merit. Finally, the analysis was used to perform a preliminary design of an MAV utilizing cycloidal propulsion. Weights and constraints were applied using CAD software to determine if the rotors could provide the necessary thrust and if the construction of the vehicle on the MAV scale was feasible.
Operating Principle
A cycloidal rotor consists of several blades that rotate about a horizontal axis that is perpendicular to the direction of flight (Fig. 2) . Blade span is parallel to the axis of rotation. The pitch angle of each of the blades is varied such that it changes periodically about the airfoil quarter-chord as the blade moves around the azimuth of the rotor. Each of the blades produces a lift and a drag force. Blades at the top and bottom positions produce an almost vertical net force, while those at the sides produce small lateral forces because of their reduced angle of attack. Figure 3 shows a cross-section of a six-bladed cycloidal rotor rotating with an angular velocity . The horizontal and vertical components of the force acting on each blade is also shown. It can be seen that the sum of the horizontal components is zero, resulting in a net vertical thrust. In addition, the amplitude and phase of the maximum blade pitch angle may be changed, resulting in a change of the magnitude and direction of the net thrust vector of the rotor. 
Experimental Setup
Experiments were performed on a prototype cycloidal rotor to obtain an understanding of the flow field around the rotor as well as to carefully measure the performance of the rotor in terms of thrust produced and power consumed. Two separate experimental setups were constructed. The first setup was dedicated to investigating the flow field by measuring the pressure distribution in the downwash and along the cross-section of the rotor. The second setup consisted of a fixture with load cells to measure the rotor thrust, torque and rotational speed.
Prototype cycloidal rotor
A prototype cycloidal rotor was constructed with six blades and a diameter and blade span of six inches. The blades use a NACA 0010 airfoil profile and have a one inch chord. The rotor could also be tested in a three-bladed configuration. The main structural elements of the design consists of two end plates, to which each of the blades is attached. The two end plates are also connected to each other by a rigid shaft, and the assembly rotates around another concentric shaft. The required blade pitch motion around the rotor is achieved by a passive mechanism and the only power required for its operation is to overcome both the friction associated with its moving components and the inertial forces associated with the oscillatory change in pitch. The mechanism consists of both fixed and rotating parts. A shaft is offset from the center of rotation of the rotor. This offset piece is fixed, and its orientation sets the direction of the thrust vector for the rotor. Attached to this offset piece is a bearing and a rotating disk, to which six linkages are attached. Each of the linkages connects to the trailing edge of one of the blades. Together, the system comprises a crank-rocker type four bar linkage, which is used to accomplish the required change in blade pitch angle (Fig. 4) . The offset piece was designed so that the blade pitch angle amplitude could be set from 0
• to 40
• by changing the linkage length L 2 . Note that the blade pitch angle is defined at any azimuth as the angle between the mean chord line of the airfoil and the tangent to the circular path of the airfoil at that azimuth. Another important geometric parameter is the eccentricity φ, which defines the azimuthal location of the maximum blade pitch angle. Table 1 provides the lengths of the linkages.
The blades for the cycloidal rotor are constructed of carbon fiber composite wrapped around a foam core. Note that because of the constraint that they must operate effectively at both positive and negative angles of attack, the symmetric NACA 0010 profile was used for the airfoils. The rotor was driven by a brushless motor, and all components were weighed and balanced within 0.01 g.
Measurement of flow field around the rotor
Experiments were performed to investigate the flow field around the cycloidal rotor by means of total pressure measurements, in order to obtain a physical feel of the downwash distribution and thrust production mechanism. As some uncertainity exists in the exact flow direction, a 1/16 inch diameter Kiel probe was used to measure the total pressure, because such a probe is insensitive to entry cone angles of up to 45
• . The goal of these experiments was to obtain a qualitative picture of the flow field around the rotor, as well as to measure the velocities in the downwash of the rotor. The prototype cycloidal rotor was supported in two different configurations for this testing. In the first case, the cycloidal rotor was supported on one end only, in a cantilevered condition. In the second case, both ends of the rotor were supported and the rotor was effectively in a clamped-clamped condition. In both cases, the axis of rotation of the cycloidal rotor was horizontal.
A differential pressure transducer (0-50 Pa range) was used to record the pressure. Pressure measurements were recorded at one-inch increments in both the x and y directions (in the horizontal plane). The measurements were then repeated at locations of 0.5, 3, 6, and 9 inches below the rotor (vertical plane). Rotational speed was kept constant at 1100 rpm. Vertical movement was achieved by mounting the probes on a height gauge, with a precision of ±0.001 inch. Movement in the x and y directions was accomplished by mounting the height gauge to a two degree-of-freedom x-y positioning stage driven by stepper motors that allowed for movements with a precision of ±0.001 inch. The coordinate axes used in the measurement of the downwash distribution are defined in Measurements were also taken along the rotor flow cross-section for the rotor in the clamped condition. The Kiel probe was located at the center of the blade span, and pressure measurements were recorded in the x and z directions in one-inch increments from x = −5 inch to x = 5 inch and z = −4 inch to z = 4 inch. Figures 5 and 6 define the coordinate axes for this testing. Note that due to the geometry of the setup, these measurements could be performed only outside the rotor. 
Measurement of loads and power
A test rig was constructed to measure mechanical as well as electrical power consumed by the cycloidal rotor. Figures 7 and 8 illustrate the construction of the test rig. The rotor is mounted on a nonrotating shaft, which runs through bearings mounted in vertical plates at each end. Each vertical plate is mounted on a linear slide, preventing horizontal motion and minimizing friction. Each plate is attached to a load cell, which is, in turn, attached to the base. As a result, the load cells measure the vertical force at each end of the nonrotating shaft. The sum of these forces gives the total thrust produced by the rotor.
The drive motor is mounted on the nonrotating shaft and is connected to the rotor by a spur gear. One end of the nonrotating shaft is attached to a torque load cell, which is clamped to one of the vertical plates. Therefore, as the drive motor is not clamped to the base, the torque load cell measures the total torque on the rotor system. The rotational speed of the rotor is measured by a Hall sensor.
A range of tests were performed to characterize the performance of the rotor. Measurements were taken at blade pitch angle amplitudes of 10, 20, 30, and 40
• for rotational speeds ranging from 0 to 1200 rpm. The tests, were conducted with six blades and were repeated with three blades to determine the effect of the number of blades on the performance of the rotor. A series of tests were also performed to determine the ef- fect of blade pitch angle on the direction of the resultant thrust vector. Measurements were recorded for blade pitch angles ranging from 0 to 40
• and eccentricity, φ, varying from −50
• to 50
• . Rotational speed was held constant at 800 rpm for these tests. To determine the power required by the rotor to overcome mechanical friction, tare tests were performed with all blades removed. These tare tests were conducted for blade pitch angles from 0 to 40
• , with rotational speeds ranging from 0 to 1200 rpm. The aerodynamic power consumed was calculated by subtracting the tare (mechanical) power from the total power.
Analytical Procedure
An analytical model of a cycloidal rotor was developed to predict the magnitude and direction of thrust as well as power requirements of a cycloidal rotor in hover. The goal is to develop a simple model of cycloidal rotor performance, based on existing momentum theory analysis of vertical axis wind turbines, for use as a design tool. To calculate the performance of the rotor, the azimuthal position and pitch angle of each blade must be determined. This can be calculated from the kinematics of the four bar mechanism used to create the pitch change. From the pitch angle of each blade and the rotor downwash, the angle of attack of each blade can be determined. Lift and drag forces are calculated based on unsteady aerodynamics. The forces from each blade are summed to find the total vertical and horizontal forces for the rotor. Downwash is determined JOURNAL OF THE AMERICAN HELICOPTER SOCIETY from the resultant thrust using a modified version of momentum theory and is used to calculate the induced angle of attack. An iterative procedure is then executed until convergence is achieved for lift and drag forces. The rotor is then rotated by an incremental amount and the process is repeated to calculate the rotor forces as a function of azimuth. Figure 9 shows the coordinate system used for the analysis. The azimuthal position of the blade, , is measured counterclockwise from the negative z-axis. From Fig. 10 , φ is the phase angle of eccentricity, used to define the direction of thrust, and is measured counterclockwise from the negative z-axis. Blade pitch angle (θ ) is measured with respect to the tangent of the blade's circular path. Velocities and forces are positive upward as well as in the direction of rotation and radially outward.
Coordinate system
The coordinate system for the airfoil is shown in Fig. 11 . The airfoil is represented as a line extending from the leading edge at chordwise location x = −1 to the trailing edge at x = +1. The axis of rotation, or pitching axis, for the airfoil is located at point a. The airfoil may experience movement in the vertical direction, h, measured positive downward, or rotation about x = a, positive in the nose-up direction. The incident velocity v moves from left to right. The angle of attack α is defined as the angle between the velocity v and the instantaneous position of the airfoil chord line. 
Unsteady aerodynamics
Each rotor blade experiences a highly unsteady aerodynamic environment as it rotates around the azimuth. This includes the periodic oscillation in angle of attack due to the pitch change mechanism, the effects of the previous blade wake, three-dimensional effects, and dynamic stall at high angles of attack. Reduced frequency is defined as
where b is the airfoil semi-chord, ω is the frequency of oscillation and V is the incident velocity. The reduced frequency of the cycloidal rotor is given by
Note from Eq. (2) that the reduced frequency simplifies to a geometric ratio independent of rotational speed and as such, its meaning is ambiguous. Substituting values for the chord and radius of the present cycloidal rotor prototype results in a reduced frequency of k = 0.167. Typically, for k > 0.2, the flow is highly unsteady, and unsteady effects will begin to dominate the behavior of the airloads (Ref. 20) . Therefore, unsteady effects are included in the present analysis.
The methodology used to arrive at the forces in the present analysis relies on a time domain formulation. Wagner's function is used to solve for the indicial lift on an airfoil undergoing an incremental change in angle of attack. Note that the application of Wagner's function to the present problem is an approximation, as the wake from the trailing edge of the airfoil is not planar. However, this assumption is considered acceptable for the present analysis.
The variation in lift coefficient for a step change in angle of attack as given in Ref. 20 is
where δ(t) is the Dirac delta function, α is the angle of attack and φ(s) is the indicial response. Once the response is found, the unsteady loads resulting from changes in angle of attack may be found through superposition of the responses, accomplished through a numerical solution of the convolution integral. Assuming the indicial response is known, the system output y(t) is given by
where f (t) is the forcing function. For this problem, the forcing function is the angle of attack of the blade, Wagner's function is the indicial response, and the lift is the output. Although Wagner's function is known exactly for incompressible flow, its formulation is not convenient for an analytical solution. Instead, an exponential approximation, provided by Jones (Ref. 20) , is used to simplify the problem.
The circulatory part of lift for a rigid airfoil starting from rest at t = 0 inch response to a variation in angle of attack is given by
Including noncirculatory (apparent mass terms), the total lift is given as
per unit span, assuming V is constant, where a is the location of the pitch axis and b is the airfoil semi-chord (Ref. 21) . For this case, the pitch axis is located at the quarter chord of the airfoil (a = − ). This equation is solved numerically for discrete values of time using a recurrence algorithm (Ref. 22) .
Drag is calculated as the sum of the profile and induced components,
where C Do is the profile drag coefficient for the airfoil and C c L is the circulatory component of the unsteady lift given by Eq. (6). Empirical data from Refs. 23 and 24 were used for the lift curve slopes as well as the profile drag coefficients, as these quantities have a strong dependence on Reynolds number. The data used for the present work are based on a NACA 0012 wing with an aspect ratio of six at a Reynolds number of 20,700. Note that the maximum Reynolds number of the present cycloidal rotor is approximately 17,000. The Oswald span efficiency factor is represented as e, and a value of e = 0.95 was assumed as an initial guess. Although this method of determining drag is not typical, it provides an approach in which to directly incorporate empirical data relevant to the present work.
The moment of the airfoil about its pitching axis, may be derived in a similar manner as
Kinematics of the blade pitch mechanism
The above equations are dependent on α,α, andα , which respectively represent the angle of attack, angular velocity, and angular acceleration of the blade about its pitch axis (quarter-chord). The variation of blade pitch angle as a function of azimuth can be derived by examining the kinematics of the blade pitch mechanism. The blade pitch angle can be idealized as a simple sinusoidal function, given by
where φ is the angle of eccentricity of the offset link and is the position of the blade around the azimuth. The angle of attack may be found by subtracting the induced angle of attack, α dw , from the blade pitch angle.
Fig. 12. Generic four bar linkage.
The angular velocity and acceleration, are the first and second derivatives of this function, respectively:
The pitch change mechanism does not produce a pure sinusoidal variation in blade pitch angle. This difference also affects the angular velocity and acceleration, which influence the noncirculatory components of lift. Therefore, it is necessary to calculate the exact kinematics of the pitch change mechanism to achieve accurate results. The mechanism in the experimental rotor utilizes a passive four bar mechanism to accomplish the blade pitch change. The various configurations of this type of linkage system may be found in a wide variety of mechanics or kinematics textbooks (Ref. 25) . Figure 12 The angle from χ to L 3 is , while β is the angle from χ to L 1 . L 2 is considered the driving linkage, and as such its angular position, θ 2 , is known. Note that this is a simplifying assumption, as in the case of the experimental mechanism, L 2 is in the fixed frame of reference, and L 1 , L 3 , and L 4 are in the rotating frame. The procedure to obtain the kinematics of the mechanism involves examining the triangles ABD and BCD in all configurations of the mechanism, assigning vectors to each link and solving for the angles and rotational velocities of the links.
The angular velocity of link L 4 , which is the blade, can be obtained as
Assuming the cycloidal rotor is not accelerating (α 2 = 0), the angular acceleration is found as
All angles, velocities, and accelerations are positive when measured counterclockwise. Thus, from the geometry of the linkage system, all the necessary terms may be determined as a function of θ 2 . Figure 13 compares the actual blade pitch angle (θ 4 ), velocity (ω 4 ), and acceleration (α 4 ) of the mechanism used in the experimental rotor to an ideal motion in which the blade pitch angle varies sinusoidally with a magnitude of 25
• . Note that there is a small difference between the blade pitch angle variation and a pure sinusoid. This difference is accentuated in the time derivatives of blade pitch angle.
In addition, the maximum pitch angles of the four bar linkage are not exactly ±25
• . The linkage has a slightly larger pitch angle at = 0 difference between the upper and lower pitch angle escalates as the maximum pitch angle increases, and is an inevitable product of using a four bar linkage. From Fig. 13 , it can be seen that there is also a phase lag of approximately 10
• between the sinusoidal and actual blade motions. The phase lag changes with the maximum blade pitch angle and is again a product of the four bar linkage.
Calculation of downwash
Once the blade positions are determined from the linkage kinematics, the induced angle of attack and effective angle of attack are calculated. The calculation of the downwash, and consequently, the induced angle of attack, is key to predicting the aerodynamic loads on the rotor. The interaction of each blade with its neighbors can be taken into account using cascade aerodynamics. This depends on the ratio of blade chord to blade spacing, which is commonly referred to as the "solidity" of the cascade, as well as on the Reynolds number (Refs. [26] [27] [28] . Compressors typically have solidities of 1.0 to 1.5. The experimental cycloidal rotor in the six-bladed configuration has a solidity of 0.318. With only three blades, the solidity is half this value, or 0.159. At this value of solidity and at the Reynolds number of operation of the prototype cycloidal rotor, any cascade effects are expected to be weak, and are neglected in the present analysis.
The method of analysis employed to analyze the flow field around the cycloidal rotor is based on momentum theory, where the aerodynamic forces on the rotor are equated to the time rate of change of momentum through the rotor. This theory is based on the assumption that the induced velocity is constant along the blade chord and blade span. This method of analysis is similar to those used in the study of vertical axis wind turbines (VAWTs) (Ref. 29) . Depending on the complexity of the problem and the accuracy necessary for the analysis, the models may further be classified into four types, shown in Fig. 14 , where induced velocities are represented by u.
For the present analysis, an adaptation of double-multiple streamtube method was employed. In this model, the flow through the rotor is subdivided into a number of streamtubes, aerodynamically independent from one another and each with different induced velocities at the upstream and downstream halves of the volume swept by the rotor. Each streamtube intersects the rotor twice, once on the upstream side and again on the downstream side, as shown in Fig. 15 . At each of the intersections, the rotor is represented by an infinitesimally thin actuator disk. Across each of these disks there is a pressure difference capable of generating axial momentum in the direction perpendicular to the disk. The induced flow passes through the actuator disks in a radial direction and is then deflected downward vertically. It is assumed that the steady value of downwash velocity is achieved within the rotor, and the wake velocity of the upper actuator disk is used as the free stream velocity for the lower disk (similar to a co-axial rotor system). Figure 15 illustrates the flow model used for the analysis. This flow model can be further simplified into an equivalent actuator disk model as shown in Fig. 16 .
From basic momentum theory, expressions for the downwash velocities at each actuator disk can be derived as w = 2v u sin (16)
where the thrust of the upper actuator disk is given by T =ṁw. The induced velocities v u and v d are implemented in the program through an iterative scheme until convergence occurs. Note that an assumption is made in this flow model that the two actuator disks in each streamtube produce the same thrust. As such, it should be recognized that this is a tentative flow model, and has not been validated experimentally.
Rotor forces and moments
Lift and drag forces on each blade are first resolved into components normal and tangential to the cycloidal rotor motions: where α is the angle of attack of each blade. The forces are now transformed into the x-z coordinate system (horizontal and vertical direction in relation to the cycloidal rotor). From Fig. 17 , the transformation equations are found to be
By summing these total forces over an entire rotation, the average forces in the x and z directions may be determined. Total thrust produced by the cycloidal rotor per blade is given by The total torque about the rotor axis is given by Q = Number of blades
Power required by the rotor is obtained by
Results and Discussion
Experiments were performed on the prototype cycloidal rotor to obtain a physical insight of the flow through the rotor as well as to obtain quantitative measurements of the performance of the rotor. As described above, the flow was visualized by means of pressure measurements and the loads were measured on an instrumented test rig. The pressure measurements were performed on a six-bladed rotor in cantilevered as well as clamped-clamped support conditions. The load measurements were carried out on a three-bladed and a six-bladed rotor, both in the clampedclamped support condition. Figure 18 illustrates the downwash at 3 inches (1/2 rotor diameter) below the cantilevered prototype rotor. The outline shows the position of the cycloidal rotor, rotating clockwise (toward the left side of the page). The downwash at 9 inches below the rotor is shown in Fig. 19 . Note that the induced velocity distribution appears shifted toward the fixed end of the setup. This is undesirable as it is known that a nonuniform downwash distribution results in poor aerodynamic efficiency. It was surmised that vibrations in the rotor, in large part because of the flexibility of the cantilevered support, were the cause of this phenomenon.
Pressure measurements
The rotor was then tested with both ends clamped to investigate the effect of the support flexibility. Figure 20 illustrates the downwash distribution in the clamped condition. It can be seen that the flow is much more uniform than in the case of the cantilevered condition. This indicates that flexibility in the cantilevered support was the main cause of the nonuniformity in the downwash. The results of these pressure measurements is directly applicable to the implementation of the cycloidal rotor on a flight vehicle. While the cantilevered condition is the most attractive in terms of flight vehicle configuration, it should be kept in mind that the support should be as rigid as possible to obtain a favorable downwash distribution.
All subsequent data reported in this paper were obtained from the cycloidal rotor in the clamped-clamped condition. Figure 21 shows a cross-section of the flow measured at the mid-span of the rotor. The induced airflow through the top of the rotor is fairly uniform. Note that the inflow is greatest in the lower left quadrant of the rotor, and is swept in the direction of rotation to the right. Consequently, the resultant thrust vector of the cycloidal rotor is deflected slightly from the vertical.
Rotor thrust and power
The measured rotor thrust and power are expressed in terms of nondimensional parameters. The nondimensionalization is carried out with respect to a rotor reference area and the rotor blade tip velocity. For example, the rotor thrust coefficient is
where b r and d are the length and diameter of the cycloidal rotor respectively, and T is the thrust (z-force). Note that πb r d is the swept area of the blades, and is equal to the total area of the actuator disks used in the derivation of the streamtube theory. The power coefficient is defined in a similar manner as
The vertical force is plotted against rotational speed in Fig. 22 for the six-bladed configuration, and in Fig. 23 for the three-bladed configuration. Theoretical predictions are also shown for both cases. Note that for the present rotor geometry, at a rotational speed of 1000 rpm, a coefficient of C T = 0.1 corresponds to a thrust of approximately 0.57 N (58 g). It can be seen that the experimental data agree well with the predicted values for the three-bladed case. However, for the six-bladed configuration, the model significantly overpredicts the experimental results, especially for high pitch angles. This discrepancy may be due to flow interference between the blades in the six-bladed configuration. With six blades, there are approximately three chord lengths before the next blade hits the wake of the previous blade. The flow is still highly unsteady, and may have a profound effect on the impinging blade. It is probable that the assumption made in the analytical model that cascade effects between the blades are negligible may not be accurate.
An important detail to note is that the configuration with six blades does not produce twice the thrust of the three-bladed case. The blades on the downstream half of the rotor, from = 270
• to 90
• , see a significant downwash from the upstream blades. This results in an increase in induced velocity and a reduction in lift produced by the downstream blades. Thus, doubling the number of blades does not produce twice the lift. As blade pitch angle exceeds the static stall angle for the airfoil, there is no drop in thrust, with the implication that the rotor is not experiencing a stalled flow condition. This remains true even as the pitch angle reaches 30
• and even 40
• . There are two effects that may contribute to the unusually high pitch angle that the rotor can operate at without stall. First, the downwash through the rotor is significant, and this induced inflow would significantly decrease the effective blade angle of attack, particularly at = 0
• and 180
• , where pitch angle is the largest. Another possible contributing factor may be the occurrence unsteady aerodynamic phenomenon. This would result in a delay in flow separation to a higher angle of attack than typically seen in static stall, and as a result of this, the airfoil is able to achieve higher lift than would be possible in a static situation.
Pitch eccentricity
Referring to Figs. 4 and 12, the maximum blade pitch angles for the offset mechanism will occur when linkages L 2 and L 3 are parallel. However, the angle, θ 2 , at which this takes place will vary depending on the desired maximum pitch angle. Therefore, to simplify data acquisition and maintain consistency in the measurements, the rotor was positioned such that L 2 was always vertical. Thus, from Fig. 24 , the maximum blade pitch angles do not appear at = 0 and 180
• , but at a phase lag approaching 10
• with respect to direction of the offset. This results in a horizontal force produced by the rotor.
To determine the phase lag, or eccentricity, at which the maximum vertical thrust occurs, a series of experiments were conducted. Eccentricity is defined such that it is equal to zero when the offset for the pitch mechanism occurs at = 180
• . This is the position in which the thrust measurements shown in Figs. 22 and 23 were recorded. Note that at this condition, the rotor is thrusting toward the ground, eliminating any possibility of ground effect. Figure 25 plots the experimental measurements as well as the predicted values for various eccentricity locations, for the six-bladed configuration. Note that if the eccentricity is shifted by 180
• , the rotor thrust would be in the opposite direction with the same magnitude. It can be seen that the results agree very well with the predictions. As blade pitch angle is increased, the location of maximum thrust changes. From the model, for pitch angles of 0
• , 10
• , and 20
• , maximum thrust occurs very close to an eccentricity of zero. However, at 30
• pitch angle, maximum thrust occurs at an eccentricity of +9
• (counterclockwise in Fig. 24 ), and at 40
• it shifts to +15
• . 
Rotor power
The power consumed by the rotor is the summation of power required to overcome the aerodynamic forces as well as the power required to overcome mechanical friction and inertial forces in the mechanism.
In order to assess the efficiency of the cycloidal rotor concept, and to compare it quantitatively with the efficiency of a conventional rotor, the aerodynamic power of both configurations must be compared. This can be obtained by performing a tare test on the cycloidal rotor. The tare test is performed by removing the blades from the cycloidal rotor and measuring the torque required to spin it over the entire range of rotational speeds. This gives a measure of the friction in the mechanism over the operational range of the rotor. The test is repeated for different settings of the offset mechanism, that translate to different values of maximum blade pitch. The measured mechanical power is then subtracted from the total power, yielding the aerodynamic power of the cycloidal rotor as a function of rotational speed for each blade pitch angle. Figure 26 shows the total mechanical power consumed by the threebladed cycloidal rotor, and Fig. 27 shows the aerodynamic power obtained after subtracting the frictional power measured from the tare tests. It can be seen that the total power is much larger than the aerodynamic power, especially at low blade pitch angles. This indicates an excessive amount of friction in the linkages of the four bar mechanism, as well as high drag on the rotating supports of the rotor blades. In addition, the frictional power shows a large increase at higher values of rotor speed. The design of the linkage mechanism for changing the pitch of the blades must be refined to minimize frictional losses and to successfully integrate the cycloidal rotor in a flight vehicle. Figures 28 and 29 show the aerodynamic power consumed by the cycloidal rotor for the six-bladed and three-bladed cases. Predictions of power consumed are plotted for comparison. It can be seen that the experimental power consumed is higher than the predicted values at higher rotational speeds and is lower than predictions at lower rotational speeds. In general the power predictions do not agree with experimental results as well as the thrust predictions, however, the correlation is much better at higher rotational speeds. The errors may be due to incorrect constants such as C Do and e, as well as nonideal interaction between the blades, that is not captured by the analysis.
Comparison of the efficiency of the cycloidal rotor and a conventional rotor
To assess the potential of the cycloidal rotor concept, its hovering performance must be compared to that of a conventional rotor. A commonly used metric of hover performance is the rotor figure of merit. The ideal power consumed depends on the disk area of the rotor. For a conventional rotor, this area is clearly defined, however, for a cycloidal rotor, the disk area is somewhat ambiguous. For the nondimensionalization discussed above, the reference area was taken to be the swept area, which is the surface area of the cylinder described by the rotating blades. The disk area of the cycloidal rotor could also be considered as the rectangular area obtained by the projection of the rotor onto a horizontal plane. In addition, the figure of merit is typically plotted as a function of blade loading C T /σ , which depends on rotor solidity σ , and is a measure of the mean lift coefficient C L of the rotor blade. In the case of a cycloidal rotor, the rotor solidity is not clearly defined. One way to define solidity is based on the swept area of the rotor blades, yielding 27) where N b is the number of blades, c is the blade chord, and R is the rotor radius. Based on this definition of reference area, the blade loading of the cycloidal rotor can be derived as
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Another way is to define solidity based on the projected area. However, as the projected area of each blade depends on its azimuthal location, a time averaged blade area, A b can be defined as follows:
where c cos ψ is the projected chord of each blade at an azimuthal angle ψ. From this mean blade area, the solidity is
Using this value of solidity and the projected area as the reference area,
Note that for a conventional rotor,
It can be seen that the comparison of the cycloidal rotor and conventional rotor on the basis of figure of merit is dependent on the choice of an appropriate reference area. Therefore, a more physical metric is required as a basis for comparison. From a practical viewpoint, the largest physical dimension is the most important constraint in the design of a micro aerial vehicle. As the rotor is typically sized to occupy as much as possible of the allowable vehicle dimension, a comparison of the performance of different lifting rotors can be made based on a constant rotor dimension. In the case of a conventional rotor, the critical rotor dimension is the rotor diameter, and in the case of a cycloidal rotor, it is the rotor span. For a given lifting rotor, the most important metric is the thrust produced for a unit input power (power loading). In addition, the absolute value of thrust produced is also important to be able to carry the maximum payload. Therefore, having a target weight and payload, the best rotor is the one with highest power loading at a given thrust, while fitting within a specified dimension.
To perform this comparison, the power loading of the cycloidal rotor was measured and compared to that of a conventional two-bladed rotor with a diameter equal to the span of the cycloidal rotor. The relevant parameters of the conventional rotor used in the comparison are provided in Table 2 . Construction and testing of the rotor was performed by Hein and Chopra (Ref. 5) . Testing was performed up to a blade tip Reynolds number of approximately 40,000.
The power loadings of the three-bladed and six-bladed cycloidal rotor are shown in Figs. 30 and 31 , respectively. It can be seen that the sixbladed rotor has a higher power loading at a given value of thrust. In addition, the power loading is high at low values of thrust and decreases to an asymptote of about 25 g/W at high values of thrust. Both the three-bladed rotor and the six-bladed rotor asymptote to approximately the same value of power loading at high thrust levels. Figure 32 shows a comparison of the power loading of the conventional rotor and the six-bladed cycloidal rotor. Note that the power loading of the conventional rotor corresponds to an optimized rotor, with a best case figure of merit of around 0.55. The dashed lines represent curves of constant collective for the conventional rotor, and the shaded symbols represent the cycloidal rotor at different blade pitch angles. The power loading of the conventional rotor increases with increasing collective but is still less than that of the cycloidal rotor at blade pitch angles of 30
• and 40
• . It can also be seen that the conventional rotor can produce higher maximum thrust. However, the maximum rpm of the cycloidal rotor was limited in the test setup by mechanical considerations, which limited the maximum thrust produced.
Conceptual Design of a Cyclo-MAV
Based on the experimental results, a paper study was conducted to determine the feasibility of implementing the cycloidal propulsion concept on a micro air vehicle. A vehicle using two cycloidal rotors of the same dimensions as tested in the current work, was designed using CATIA. The complete vehicle design is pictured in Fig. 33 .
Blades are to be constructed with a foam core covered by a carbon fiber skin, and with a carbon rod spar to stiffen the blade against the significant transverse centrifugal blade loading inherent in the cycloidal design. The blades will be attached at one end to a three-arm frame fabricated from carbon fiber; at the other end, the blades will be held together by a carbon ring. This design would eliminate a considerable amount of weight over the previous configuration, while still limiting the bending moment of the blade to acceptable levels. Rotors will utilize a fixed pitch offset mechanism to achieve the required change in blade pitch angle (Fig. 34) . Although a variable pitch mechanism was used on the experimental rotor, a fixed pitch design can be made much lighter. The mechanism will be set such that the maximum pitch angle of the blades is ±30
• . Directional control of the vehicle will be achieved by rotating the driveshaft of each rotor, which will change the azimuthal location of the offset mechanism. The rotor driveshafts, both coincident with shaft bearings, will allow the rotors to rotate freely in any direction. The control mechanism will consist of two small servos, mounted between the rotors. Actuation of the servos, which will be connected to the driveshaft through a linkage arrangement, would rotate the entire rotor, changing the direction of thrust. The electronics package and payload will be positioned below and aft of the rotor axes such that their weight, in conjunction with an appropriate fuselage attitude, would provide the necessary anti-torque to trim the vehicle. This setup would eliminate the need for an additional device for torque compensation and its accompanying weight penalty. A weight breakdown of the vehicle components is provided in Table 3 , compared to the weight breakdown of a single rotor MAV (Ref. 1) of the same total weight. Note that the increased rotor weight of the cyclo-MAV is compensated for by a lower structure weight compared to the case of the single rotor MAV.
Based on the results from the paper study, the rotors on the cyclo-MAV will require a minimum rotational speed of 1650 rpm to achieve the necessary thrust of 125 g per rotor. A speed of 1875 rpm should provide enough additional thrust for propulsion and control. The main drawback of the cyclo-MAV is the complexity of the mechanical linkages, as well as the increased rotor mass. In addition, the present configuration is only suited for hover, and further research must be performed to investigate the forward flight characteristics of such a vehicle. The final evaluation between the cyclo-MAV and a conventional single or coaxial rotor MAV must involve all the aspects of the vehicle configuration, for example, the cyclo-MAV described above has a total span slightly more than that of two cycloidal rotors, while a conventional single or coaxial rotor MAV will have a total rotor diameter that will depend upon the size of tail rotor, and numerous other factors.
Conclusions and Future Work
A prototype cycloidal rotor of diameter 6 inches and span 6 inches was constructed and tested on a test rig capable of measuring thrust, torque and rotational speed. A theory was developed to predict the performance of the rotor, based on a streamtube momentum theory model in conjunction with a formulation of Wagner's function to account for unsteady aerodynamic effects. The main assumptions in the analysis were to neglect any influence of blades on each other, to consider equal thrust produced by the upper and lower halves of the rotor, and to assume uniform inflow on the rotor blades.
Thrust and power were determined as a function of rotational speed and blade pitch angle. Thrust increased with the square of rotational speed, while power increased with the cube of rpm. No dramatic reduction in thrust was measured as blade pitch angle was increased up to 40
• , indicating that dynamic stall may play a role in the operation of the cycloidal blade system. Tests were conducted on both a six-bladed rotor and a three-bladed rotor. The six-bladed rotor was observed to produce only 30% more thrust than the three-bladed case at the same rpm and collective setting.
Predictions of the direction of the thrust vector as a function of eccentricity of the four bar linkage correlated well with measurements. Thrust predictions matched well with experiment for the three-bladed rotor, but were less accurate for the six-bladed rotor. This could be a result of interaction between the blades, which was neglected in the analysis. Tare tests revealed that a major component of the mechanical power consumed by the prototype cycloidal rotor was caused by friction, especially in the four bar linkage mechanism. Power predictions were satisfactory only at higher rotational speeds and were in general poor at lower speeds and high blade pitch angles. Compared to a conventional rotor of the same diameter, a higher power loading was observed, especially at low values of thrust. The power loading of both the three-bladed rotor and the six-bladed rotor decreased with increasing thrust and leveled off at approximately 25 g/W. Note that the power loading was calculated based only on the aerodynamic power of the cycloidal rotor.
An MAV utilizing cycloidal rotors was modeled and optimized for low weight. The complete vehicle, including electronics and battery, weighed approximately 250 g. Based on predictions, the rotors must rotate at 1650 rpm for the vehicle to produce sufficient thrust. From the present work, it appears that while the cycloidal blade system is a viable configuration for a micro air vehicle, the efficiency of the system is highly dependent on the mechanical design and on minimizing the friction in the linkages. The complexity and number of parts of the design are also subjects of consideration.
Future work involves optimization of the design to maximize its usefulness. Previous research has shown that the NACA 0012 is extremely sensitive to variations in Reynolds number or turbulence, and is unsuitable for Reynolds numbers less than 50,000. Blades with larger chords would increase Reynolds number and may prove beneficial, although any benefits may be offset by the increase in solidity of the rotor, which decreases performance. In addition airfoil profile better suited to low Reynolds number operation could be explored.
Computational fluid dynamics (CFD) analysis would not only be useful in validating existing experimental and theoretical results, but would provide a good means of understanding the flow conditions around the rotor. Although cascade aerodynamics does not appear to have a significant effect on the model, it was apparent from the data that some interactions between blades and blade wakes were taking place in the six-bladed configuration.
Finally, it must be remembered that the mechanism currently used to provide periodic changes in blade pitch is suitable only for hovering conditions. An investigation of the blade motions at various forward flight speeds, and the mechanisms needed for producing them, must be carried out. Individual blade control, while probably the optimal configuration, would be difficult to implement on a small vehicle and would incur a significant weight penalty. A series of cams, each optimized for different flight speeds may prove to be a workable solution. The efficiency and handling of a cycloidal rotor micro air vehicle must then be determined through systematic experiments.
